The phenomenon known as RNA interference (RNAi) by double-stranded RNA (dsRNA) that was reported recently in the nematode Caenorhabditis elegans has been shown to operate by a mechanism that is widely conserved among species including plant cells. No quantitative analysis of the effects of RNAi on the expression of specific genes in plant cultured cells has been reported. An RNAi effect was observed 24 h after the introduction of dsRNA expression plasmids into tobacco BY-2 cells by electroporation.
INTRODUCTION
No convenient method for development of knock-out plants has been established, to our knowledge. Many genes have been successfully identified by gene-disruption methods with Agrobacterium T-DNA inserts, but the existence of multiple copies of a gene, homologous genes or genes with related functions that can compensate for loss of the function of a specific gene makes it almost impossible to suppress particular function with a T-DNA insert (1) . Multiple copies of the target gene or related genes would produce mRNAs with homologous sequences to that of the target mRNA and it would clearly be advantageous to target those mRNAs also. Thus, establishment of a simple and reliable knock-out system at the mRNA level is required.
The suppression by double-stranded RNA (dsRNA) of the expression of a target gene is known as RNAi (2) . Figure shows a model of machinery of RNAi. In this report we demonstrate that the RNAi effect caused by a dsRNA expression plasmid provides an effective knock-out strategy. In our knowledge, this is the first report of the reproducible and quantitative analysis of the RNAi effect in a transient assay system in plant cells.
RESULTS AND DISCUSSION

Construction of plasmids
For the preparation of reporter genes, we constructed two luciferase expression plasmids p35Sluc and p35SRluc, which encoded for a firefly gene and a seapansy gene for luciferase, respectively.
We also constructed two dsRNA expression plasmids under the control of the 35S promoter of cauliflower mosaic virus (CaMV), targeted to the firefly luciferase gene. The length of the antisense sequence, which was defined as the length of the double-stranded region, was approximately 500 bp and 300 bp, respectively. We introduced those plasmids described above by electroporation into BY-2 cells. Dependence of luciferase activity in BY-2 cells on the amount of electroporated plasmid DNA for accurate estimation of RNAi A sensitive assay system that readily reflects the abundance of transcripts is necessary for the accurate estimation of RNAi. The luminescence due to the two reporter genes was dependent on the amount of plasmid DNA at doses of 0.01 jig to 1 M-g per assay. We fixed the amount of p35SRluc at 0.3 fig per assay. Various amounts of p35Sluc DNA, from 0.01 \ig to 1 \ig, were introduced into BY-2 cells together with 0.3 u.g of p35SRluc and relative luc activity, normalized by reference to Rluc activity, was determined. The relative luciferase activity was dependent on the doses of the p35Sluc DNA over the range of levels of DNA tested. Thus, the calculated relative luciferase activity could be used to estimate changes of the abundance of mRNA of interest. In the present analysis, we fixed the amounts of both p35Sluc and p35SRluc at 0.3 \ig and then examined the RNAi effect of dsRNA expression plasmids.
The RNAi effect in plant cells
Tobacco BY-2 cells, derived from Nicotiana tabacum L. cv Bright Yellow 2, were cotransformed with two reporter plasmids p35Sluc and p35SRluc and one dsRNA expression plasmid by electroporation of protoplasts as described elsewhere (3). The RNAi effect was clearly dependent on the amount of the dsRNA expression plasmid. Strong sequence-specific suppression by dsRNA was observed. We also observed 50% inhibition when 1 ^g of dsRNA expression plasmid was used. The extent of inhibition was -90% with 3 ng of the same plasmid.
In this study, we evaluated quantitatively the RNAi effect of dsRNA targeted to a gene for firefly luciferase and demonstrated clearly that RNAi can be used to suppress gene expression in plant cultured cells. Assays that involve expression of genes for luciferase are very sensitive and, such assays have been used to estimate the effects of RNAi in vitro (4-6) and in vivo in Drosophila (7-9) and in mammalian (9,10) systems. The RNAi effect was shown previously to be dependent on the length of dsRNA region (6), and it was reported that the shorter was the dsRNA region, the smaller was the effect. Moreover, the effect decreased exponentially with decrease in the length of the dsRNA region (8) . Tuschl and coworkers concluded that the rate of production of siRNAs via the action of RNase III was slower when the dsRNA was shorter (6) . We found that a region of dsRNA of 300 bp was sufficient to suppress luciferase activity in plant cultured cells. Moreover, longer dsRNA did not result in a significant enhancement of the RNAi effect. In our system, the RNAi effect might be saturated at 300 bp.
CONCLUSION
Tobacco BY-2 cells have an exceptionally high growth rate and cultures exhibit high homogeneity compared to other plant cultured cells (3) . Moreover, populations of cells that undergo highly synchronized cell division are easily established. The knock-out system reported here should be useful in efforts to examine the functions of genes of interest that might be related, for example, to regulation of the cell cycle, hormonal regulation of plant growth and mechanism of the RNAi. Figure. A model for the mechanism of RNAi. (A) The dsRNA-processing proteins, which belong to a family of RNase III, bind to the dsRNA (7). (B) The RNase III cleaves the dsRNA into siRNAs. (C) The siRNAs are proposed to form multicomponent nuclease complexes (RISC) (7, 11) . (D) The target mRNA recognized by the RISC is cleaved in the center of the region complementary to the siRNAs (10) .
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